Abstract-Be ion implantation and annealing conditions were optimized to demonstrate an effective method for selective area p-type doping in InAs. Optimized implantation and annealing conditions were subsequently utilized to produce planar InAs diodes. The Be implanted planar diodes had a superior dynamic resistance-area product and comparable dark current with n-i-p InAs mesa diodes when operated at low temperatures.
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I. INTRODUCTION
I nAs is considered a key III-V semiconductor in the fields of high speed and optoelectronics due to its high electron mobility and large band offset at the InAs/AlSb heterojunction. In addition, InAs has been shown to exhibit very low excess avalanche noise [1] and has a peak photoresponse close to 3.4 μm, which is ideally suited for methane gas sensing. The majority of reported InAs devices are mesa structures grown by molecular beam epitaxy (MBE) or metal-organic vapor phase epitaxy (MOVPE). Despite the known advantages of planar structures, planar InAs devices are seldom reported. This fact stems from an underdevelopment in selective area doping techniques, such as diffusion or ion implantation, which are crucial for planar device fabrication. In the drive to develop planar InAs devices, Iwamura and Watanabe [2] reported on Zn diffusion techniques which have been utilized to produce planar InAs diodes. However, complications associated with the diffusion techniques make it desirable to explore other doping methods; for example, when diffusing Zn into InAs, the high temperature environment necessitates an As overpressure to be maintained in the chamber to prevent the dissociation of As from the InAs. Consequently, Zn diffusion into InAs has often been carried out in a MOVPE reactor, which significantly increases the cost and complexity of the process [2] , [3] . Furthermore, a protective mask that matches the thermal expansion coefficient of InAs is not readily available, and so thermally mismatched masks are commonly used. [4] and GaAs [5] . The popularity of these particular elements is owing to the low implant damage inflicted during the implant and the excellent damage removal through postimplant annealing, which can be a major drawback of doping III-V semiconductors using ion implantation [6] . Mg implantation into InAs was found to be ineffective for p-type doping, and it is speculated that the radiation defects cancelled out the usual acceptor like behavior of Mg resulting in a neutral net doping [7] . However, Wang et al. [8] reported on the damage accumulation and lattice strain of Be implanted InAs. Using an implant energy of 80 keV and a dose up to 4 ×10 13 cm −2 , creating a peak Be concentration of 1.1 × 10 18 cm −3 , minimal lattice strain is introduced to the crystal and only point defects are formed after the implant. The Be profile before and after annealing of Be implanted InAs has been reported by Gerasimenko et al. [9] , [10] . When comparing the Be profile against a simulation generated using software package Transport of Ions in Matter (TRIM) [11] , errors in the straggle of up to 24% were found. In addition, the severe diffusion of Be when annealed at temperatures greater than 450°C on time scales of 30 minutes was highlighted. Be implantation has not been utilized to produce InAs devices, nor the electrical properties of Be implanted InAs been tested. The key contributions of this paper are: 1) Be implantation and annealing have been demonstrated as an effective method for selective area p-type doping InAs; 2) implant and annealing conditions have been optimized to maximize the electrical performance of InAs diodes; 3) secondary ion mass spectrometry (SIMS) measurements were used to observe the diffusion of Be caused by annealing; and 4) high-quality Be-implanted planar InAs diodes have been demonstrated with comparable dark currents to eptiaxially grown n-i-p mesa InAs diodes.
II. EXPERIMENTAL DETAILS Two InAs i-n structures were used in this paper. The first structure, hereafter, referred to as wafer A, was grown by MBE at approximately 490°C and consisted of a 3.5 μm intrinsic layer on a 2 μm Si-doped n layer grown on a n + InAs substrate. The second structure, wafer B, was grown using MOVPE with a susceptor temperature of 590°C and consisted of a 6 μm thick intrinsic layer on a 2 μm Si-doped n layer grown on a n + InAs substrate. Be ion implantation was used to define a p-type doping profile in each of the structures. Wafer A was subject to a uniform blanket implant This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ of Be and subsequently used to fabricate all of the mesa diodes presented in this paper. Wafer B was patterned with a dielectric mask before implantation and subsequently used to fabricate all of the planar diodes presented in this paper. TRIM was used to model the distribution of Be ions implanted into InAs. Simulations predicted that a flat doping profile to a depth of 0.75 μm, with the junction extending a total of 1 μm, could be realized from two 9 Be+ implants with conditions of 200 keV at 1×10 14 cm −2 and 70 keV at 3.8×10 13 cm −2 . The implantation was carried out at University of Surrey Ion Beam Center. A 1 μm p region was chosen to limit the damage to the crystal. The beam current was set to 20 μA to avoid any localized heating of the wafers. The wafers were held 7°off the beam axis toward the (100) crystal plane during the implant to avoid channeling effects and to enable comparisons against the TRIM model.
It has been reported that the implant temperature can have a pronounced effect on the resulting crystal quality within certain III-V semiconductors, such as InP [12] , however, no such information exists for InAs. To investigate the effects of such dynamic annealing in InAs, implants were carried out on samples held at room temperature (RT), 100°C and 200°C. After implantation, the samples were annealed at temperatures ranging from 450°C to 700°C for 30 s in a nitrogen rich atmosphere. Gerasimenko et al. [10] showed that significant Be diffusion occurs at temperatures as low as 400°C, and therefore to minimize the Be diffusion, rapid thermal annealing (RTA) was utilized. Precautions were taken to preserve the stoichiometry at the surface of the semiconductor during annealing. After annealing, and in the case of wafer A, circular mesa diodes of varying diameters were fabricated using a typical photolithographic and wet chemical etching technique [13] . Ti/Au was deposited as top and back contacts. The removal of radiation damage, which is inherently connected to the implant process, was analyzed through comparisons of the dark current of the mesa diodes. Appropriate annealing conditions were evaluated along with a discussion of the influence of substrate temperature during implantation. Optimized implant and annealing conditions were subsequently employed to produce planar diodes from wafer B. After annealing, the planar diodes had metal contacts deposited. Current-voltage measurements were performed using an Agilent B5100 parameter analyzer by probing the diodes.
III. RESULTS AND DISCUSSION
The current density-voltage (J -V ) characteristics of diodes from wafer A, implanted at RT and annealed at temperatures from 450°C to 700°C for 30 s are shown in Fig. 1 . An unannealed diode from wafer A is also shown. In comparing the J -V characteristic of an unannealed diode against one annealed at 450°C, no improvement is observed. It is difficult to identify whether the slight rectifying behavior observed in both diodes was due to Be activation, or if a Schottky junction at the metal semiconductor interface was the cause. However, in any case, the similarity between J -V characteristics of unannealed diodes and those annealed at 450°C suggests that significant Be activation and crystal recovery has not Fig. 1 .
J -V characteristics of mesa InAs diodes implanted at RT and annealed at 450°C, 500°C, 550°C, 650°C, and 700°C for 30 s. In addition, the J -V characteristics an unannealed diode implanted at RT is shown.
occurred. Diodes annealed at 500°C displayed a pronounced rectifying behavior, however, the lowest dark current density was measured in diodes that had been annealed at temperatures of 550°C-700°C. Diodes annealed in this temperature range produced very similar J -V characteristics with a dark current density of 1 Acm −2 and a forward J -V characteristic that was limited by the series resistance of the semiconductormetal interface. It is apparent that the maximum recovery is achieved from annealing at a temperature of 550°C, and higher annealing temperatures do not encourage further levels of recovery to reduce the dark current density of the resulting diodes. However, this does not necessarily indicate that the annealing has fully eradicated all of the implant damage; often in III-V semiconductors there is residual implant damage, which is immune to dissociation through annealing.
Hot implants have been shown to mitigate the implant damage leading to higher quality crystal after annealing. The J -V characteristics of diodes implanted at RT, 100°C, and 200°C are shown in Fig. 2 . In addition to this, samples implanted at RT, 100°C, and 200°C and annealed at 500°C and 550°C are also shown. The annealing temperature clearly segregates the J -V characteristics of the diodes into three distinct bands. Within each band, the J -V characteristics of diodes from the hot implants closely resemble those from the RT implant study. Therefore, the implant temperature is seen to have a negligible effect on the resulting device J -V characteristics. This result is similar to that obtained in various other studies, such as Be implantation into InP [14] .
Our dark current characteristics confirm that Be has been successfully implanted and activated. We now focus our attention to the Be profile within our samples. Fig. 3 shows Be profiles before and after postimplant annealing as measured by SIMS. The Be profile generated using TRIM is included for comparison. Discrepancies seen in the absolute value of the Be concentration in the TRIM and SIMS results are likely to be caused by a calibration error of the SIMS measurement. Unannealed samples at RT and 200°C showed Fig. 2 . J -V characteristics of mesa InAs diodes which were implanted at RT, 100°C, and 200°C. In addition, the J -V characteristics of diodes annealed at 500°C and 550°C for 30 s from the three implant temperatures are also shown. Fig. 3 .
The concentration of Be after implantation into InAs at: room temperature; 200°C; room temperature and annealed at 500°C for 30 s; and room temperature and annealed at 600°C for 30 s. In addition, a simulated Be profile generated using TRIM is shown.
identical Be distributions down approximately 3 × 10 16 cm −3 , showing that the substrate temperature does not affect the resulting Be profile. The 70 and 200 keV implants produced Be concentration peaks at 0.29 and 0.64 μm, respectively. When the tail of the 200 keV implant is compared against the TRIM model, the SIMS results showed that the projected range was slightly shorter and the straggle was greater then simulated. Results are summarized in Table I . Previous work reported errors of up to 24% in the straggle but the projected range was found to be accurate [9] .
Our comparison showed TRIM to be in much better agreement with experimental data. However, the discrepancy between studies may be due to increased ion interactions with defects in higher doses. Samples implanted at RT and annealed at 500°C and 600°C for 30 s were included in the SIMS analysis. A slight redistribution of Be was observed when annealing at 500°C as the peak concentration of Be had reduced by 16% and the Be tail extending into the sample had broadened. The Be profile of the tail after the anneal has been modeled by a Gaussian distribution with the results summarized in Table I . The redistribution of Be resulting from a 600°C anneal for 30 s was much more severe, resulting in a distorted Be profile that could not be modeled by a Gaussian distribution. The peak Be concentration in the sample annealed at 600°C for 30 s was found to be slightly larger than the unannealed samples, suggesting another mechanism other than diffusion may be occurring. A similar observation was reported for Mg implants into InAs [7] ; the explanation offered was that, during annealing, the highly mobile Mg tends to gather around radiation defects forming Mg clusters. It is possible that Be behaves in a similar manner to Mg during high temperature annealing. Annealing at 550°C appears to be the optimum annealing condition to achieve low dark currents and maintain the implanted Be profile.
Having analyzed the effects of implant temperature and postimplant annealing, we used our results to fabricate planar diodes on a sample from wafer B. Planar diodes of varying diameters were fabricated using RT ion implantation and annealing conditions of 550°C for 30 s. The J -V characteristics of the resulting diodes are shown in Fig. 4 . Strong similarities exist between the J -V characteristics of the planar diodes, and the mesa diodes shown in Fig. 1 , all having a dark current density of 1 Acm −2 , which remains relatively flat through the voltage range measured. The planar diodes showed bulk dominated dark current and good confinement of the depletion region as shown in Fig. 4 by scaling the dark current of various sized diodes with their respective active areas. Such strong correlation between the dark current density of various sized diodes could only be attained if the p-n junction was formed at the boundary of the p-type implanted region. These features are desirable for the development of closely spaced InAs photodiode arrays.
The RT and 200 K J -V characteristics of a Zn diffused planar diode from Iwamura and Watanabe [2] , a MOVPE grown mesa diode from Ker et al. [15] and a commercial photodiode from Judson are also plotted in Fig. 4 . At −0.1 V, the dark current density of the Be implanted diodes were found to be larger than that of the reference diodes when measured at RT. However, at 200 K, the dark current density of the Be implanted diode has reduced by over three orders of magnitude. The dark current density of the Zn diffused diode and the mesa diode had also reduced by a similar amount at this temperature. However, the dark current density was found to increase significantly with reverse bias, whereas the dark current density of the Be implanted diode remained relatively constant across the voltage range. Owing to this fact, the maximum dynamic resistance-area product (R d A) of the Be implanted diodes was measured to be 12.1 k · cm −2 at −0.3 V which is larger than that of a Zn diffused planar diode [2] or n-i-p mesa diode [15] with R d As of 2.9 and 6 k · cm −2 at −0.1 and −0.75 V, respectively.
Be implantation and annealing techniques discussed in this paper could be used to fabricate an array of InAs photodiodes for imaging applications. It is, therefore, useful to consider the performance of the diodes when in an array geometry. As a preliminary study, a linear array of 100-μm square diodes was fabricated with various separation distances between neighboring diodes. The J -V characteristic of each diode in the linear array is shown in Fig. 5 along with the J -V characteristic from a reference of 100-μm diameter planar diode. The reference diode was located over 120-μm away from any other diode and can be considered as decoupled from any other device. A schematic of the linear array is shown in the inset of Fig. 5 . Diodes D6, D7, and D8 have higher dark currents than the reference diode indicating incomplete isolation when the gap between diodes is <5 μm. For diode separation above 7.5 μm, the dark currents from D5 to D1 were found to asymptotically approach the dark current of the reference diode. The zero bias dark current of diodes D5-D1 is within ±6% of the reference diode. Further optimization of implantation and annealing conditions, use of additional implantation to increase the resistivity of InAs or use of isolation trenches will be required to reduce the separation distance.
The optical properties of the planar diodes are now investigated. The responsivity of a planar diode was measured at 1550 nm using a HeNe laser with the optical spot focused on the p-type region of the diode. The photocurrent was measured at room temperature using phase sensitive detection and found to be 0.45 A/W without any antireflection (AR) coating. Further work to increase the minority carrier diffusion length and the use of an AR coating could improve this figure.
IV. CONCLUSION
Be implantation has been demonstrated as an effective method for selective area p-type doping InAs. The implant process appears to be destructive, typically resulting in poor electrical characteristics of unannealed material, however, good recovery can be achieved using RTA. Annealing at a temperature of 550°C provided the optimum conditions in terms of producing the lowest dark current in mesa diodes and preserving the as-implanted Be profile. Higher annealing temperatures did not produce better crystal quality and only caused further Be diffusion. Implants carried out at RT were found to be just as effective as hot implants. Planar InAs diodes were demonstrated by utilizing the optimized Be implantation techniques discussed in this paper. The dark current density of the Be implanted planar diodes was found to be larger than that of an InAs Zn diffused planar diode and mesa diode when measured at RT. However, at 200 K, the J -V characteristics were much more comparable, and the maximum R d A of the Be implanted diode was found to be larger than that of the Zn diffused planar diode and mesa diode. The lateral junction confinement of the planar diodes was investigated in an array geometry and a diode separation of 7.5 μm was found to electrically isolate neighboring diodes. The responsivity of the planar diodes was found to be 0.45 A/W at 1550 nm.
